In normal melanocytes, TGF-β signaling has a cytostatic effect. However, in primary melanoma cells, TGF-β-induced cytostasis is diminished, thus allowing melanoma growth. Later, a second phase of TGF-β signaling supports melanoma EMT-like changes, invasion and metastasis. In parallel with these "present-absent-present" TGF-β signaling phases, cell surface protein EWI motif-containing protein 2 (EWI-2 or IgSF8) is "absent-present-absent" in melanocytes, primary melanoma, and metastatic melanoma, respectively, suggesting that EWI-2 may serve as a negative regulator of TGF-β signaling. Using melanoma cell lines and melanoma short-term cultures, we performed RNAi and overexpression experiments and found that EWI-2 negatively regulates TGF-β signaling and its downstream events including cytostasis (in vitro and in vivo), EMT-like changes, cell migration, CD271-dependent invasion, and lung metastasis (in vivo). When EWI-2 is present, it associates with cell surface tetraspanin proteins CD9 and CD81 -molecules not previously linked to TGF-β signaling. Indeed, when associated with EWI-2, CD9 and CD81 are sequestered and have no impact on TβR2-TβR1 association or TGF-β signaling. However, when EWI-2 is knocked down, CD9 and CD81 become available to provide critical support for TβR2-TβR1 association, thus markedly elevating TGF-β signaling. Consequently, all of those TGF-β-dependent functions specifically arising due to EWI-2 depletion are reversed by blocking or depleting cell surface tetraspanin proteins CD9 or CD81. These results provide new insights into regulation of TGF-β signaling in melanoma, uncover new roles for tetraspanins CD9 and CD81, and strongly suggest that EWI-2 could serve as a favorable prognosis indicator for melanoma patients.
Introduction
Malignant melanoma, a form of skin cancer arising from malignantly transformed melanocytes, is one of the most aggressive and drug-resistant human cancers [1, 2] . With its considerable metastatic potential, melanoma accounts for over 70% of skin cancer-related deaths [1, 3] . Transforming growth factor-β (TGF-β) plays a key role during melanoma progression. In normal melanocytes, TGF-β exerts a potent anti-proliferative effect. However, in primary melanoma, sensitivity to TGF-β is diminished, and thus cell growth is facilitated. After that, TGF-β signaling reappears, in support of melanoma epithelial-mesenchymal-transition (EMT) and metastasis [4] [5] [6] . At present, efforts are underway to understand how changes in TGF-β sensitivity are regulated and to develop strategies for inhibiting TGF-β-dependent melanoma progression and metastasis.
Here we demonstrate that changes in the expression level of EWI motif-containing protein 2 (EWI-2, or IgSF8/CD316), a cell surface transmembrane protein, play a key role in orchestrating critical shifts in TGF-β signaling phases ("present-absent-present"). EWI-2 is a member of an Ig subfamily that comprises proteins with a conserved Glu-Trp-Ile (EWI) motif [7] . EWI-2 associates directly with tetraspanins CD9 and CD81 on the cell surface [7] [8] [9] , and functions to alter their molecular organization [10, 11] . While CD9 and CD81 have been suggested to contribute to melanoma invasion and/or transendothelial migration [12] [13] [14] , other studies have npg www.cell-research.com | Cell Research revealed an inverse correlation between CD9 levels and melanoma invasion/metastasis [15, 16] . Neither CD9 nor CD81 has been previously linked to TGF-β signaling.
Although specific molecular functions of EWI-2 are currently unknown, EWI-2 has been reported to negatively regulate cell spreading, motility, invasion, and filopodia formation [10, 17, 18] . Also EWI-2 may play a role during cell infection by hepatitis C virus (HCV) [19] and during sperm-oocyte fusion [20] . An elevated EWI-2 expression level leads to diminished glioblastoma growth [18] and is associated with increased survival in human glioma patients [18] . However, EWI-2 has not been previously linked functionally to either melanoma or TGF-β signaling.
To evaluate the role of EWI-2 in melanoma, we analyzed melanoma patient samples, human and mouse melanoma cell lines, and a panel of primary melanoma short-term cultures (MSTCs) [21] with variable EWI-2 levels. In vivo and in vitro analyses coupled with knockdown and overexpression of EWI-2 revealed that EWI-2 negatively regulates TGF-β signaling, thus explaining the paradoxical roles of EWI-2 in melanoma, i.e., support of melanoma growth/proliferation, but inhibition of invasion/metastasis. Furthermore, we uncovered novel roles for tetraspanins CD9 and CD81. These proteins make no contributions to TGF-β signaling in melanoma cells when EWI-2 is present. However, the upregulated TGF-β-dependent functions that specifically arise due to knockdown of EWI-2 are almost entirely dependent on tetraspanin proteins CD9 and CD81. Taken together, these results (i) provide new insights into the anti-proliferative, pro-invasion, and pro-metastasis effects of TGF-β signaling in melanocytes and melanoma cells [4, 6, 22] , (ii) suggest that therapeutic targeting of CD9 and/or CD81 may effectively diminish TGF-β signaling during progression and metastasis of EWI-2
Low melanomas, and perhaps other EWI-2
Low cancers, and (iii) suggest that elevated EWI-2 expression levels would predict favorable melanoma patient outcomes.
Results

EWI-2 expression in melanoma samples
Previous studies revealed that EWI-2 gene expression was significantly elevated in human melanoma cell lines, compared to other tumor cell types [23] . To confirm and extend those results, we carried out immunohistochemical analyses of the EWI-2 protein. EWI-2 is minimally expressed in normal skin melanocytes, normal skin tissues, or benign nevi ( Figure 1A-1C) . However, staining signals were elevated significantly in primary melanoma, and to a lesser extent in human metastatic melanoma samples ( Figure 1B, 1C and Supplementary information, Figure S1A ). EWI-2 levels were also significantly elevated in pigmented melanomas (60.6% with a score of ≥ 4) and in acral lentiginous melanomas (55.6% with a score of ≥ 4; data not shown).
EWI-2 negatively regulates metastasis and invasion of melanoma
EWI-2 was abundantly expressed in the majority of 11 MSTCs (Supplementary information, Figure S1B , top). Those MSTCs expressing the highest levels of EWI-2 were the least active in trans-Matrigel invasion ( Figure  1D ), suggesting that EWI-2 could inhibit invasion. Indeed, stable knockdown of EWI-2 in human SK-Mel-28 and mouse B16F10 melanoma cell lines significantly increased both cell migration and invasion (Figure 2A) . Similar results were obtained upon transient depletion of EWI-2 ( Figure 2B ). Conversely, EWI-2 overexpression inhibited cell invasion in two MSTCs ( Figure 2C ).
We next investigated the effects of EWI-2 depletion on tumor metastasis in mouse models that received intravenous (i.v.) injection of melanoma cells. Consistent with the above results, stable knockdown of EWI-2 in human SK-Mel-28 and mouse B16F10 cell lines, in each case using two different shRNAs, resulted in a significant increase in metastatic lung colony numbers after 6 weeks and 16 days, respectively ( Figure 2D and 2E). Sizes of metastatic colonies were not increased, but rather were slightly decreased ( Figure 2D and 2E, lower right panels). Thus, EWI-2 likely inhibits human and mouse melanoma cell metastasis by inhibiting tissue invasion rather than colony growth.
We also tested the effect of EWI-2 knockdown in another mouse model, in which SK-Mel-28 cells were subcutaneously (s.c.) injected into nude mice. At the s.c. injection sites of primary SK-Mel-28 tumor growth in nude mice receiving control or EWI-F-depleted cells, tumor borders were invariably smooth (Supplementary information, Figure S2 ). EWI-F, which belongs to the "EWI" subfamily and is 27% identical to EWI-2 [7, 24] , serves here as a useful negative control. By contrast, EWI-2-knockdown tumors, in 2 out of 4 samples examined, yielded irregular borders, consistent with enhanced invasion (Supplementary information, Figure S2 ). Knockdown efficiencies of EWI-2 and EWI-F are demonstrated in Supplementary information, Figure S3A -S3E.
EWI-2 depletion also markedly affected intrinsic cell morphology, again consistent with enhanced invasion and metastasis. Control SK-Mel-28 cells were polygonal with a few short branches. By contrast, EWI-2-depleted cells were more elongated, showing a significantly increased 'deviation from round' (Supplementary informa-tion, Figure S4A ). EWI-2-depleted cells also showed significantly enhanced elongation and cable formation when plated on Matrigel (Supplementary information, Figure  S4B ). Decreased cell-cell adhesion often accompanies cell invasion [25] . In EWI-2-depleted SK-Mel-28 cells, cell-cell clustering was significantly decreased relative to control cells (Supplementary information, Figure S4C ), and adherence junction proteins β-catenin and E-cadherin were diminished (Supplementary information, Figure  S4D ). Immunostaining confirmed diminished β-catenin expression at the membrane and nucleus (data not shown). These changes, together with increased vimentin expression (Supplementary information, Figure S4D ), are consistent with enhanced EMT in EWI-2-knockdown cells.
EWI-2 supports melanoma cell growth in vivo and in vitro
To analyze in vivo effects of EWI-2 on primary melanoma cell growth, we injected SK-Mel-28 cells (EWI-2-depleted, EWI-F-depleted, or vector control) subcutaneously into the flanks of nude mice. After 10 days, tumors appeared at the inoculation sites of most mice injected with vector control and EWI-F-knockdown cells (~90%), but were visible in only ~50% of mice in- and 'low' (score < 4) categories according to EWI-2 levels. P values are from Fisher's exact test. ***P < 0.001. EWI-2 expression level in metastatic samples was not significantly higher than that in either normal skin or benign nevi, but was significantly higher than that in combined normal skin and benign nevus samples (P < 0.01). Supplementary information, Figure  S1A shows representative images to demonstrate EWI-2 scoring. (D) EWI-2 levels measured by western blot assays (relative to GAPDH; n = 5 for each point) in MSTCs correlate negatively with invasive potential (n = 4 for each point). Figure 3A) . Tumor appearance was significantly delayed upon EWI-2 knockdown (P = 0.02, Figure 3A) , and tumors also showed significantly reduced volume ( Figure 3B ) and weight (after 49 days; Figure 3C ). By contrast, depletion of EWI-F did not affect tumor incidence, volume or weight ( Figure  3A-3C) . Similar results were obtained in two additional experiments (data not shown). Thus, EWI-2 (but not EWI-F) supports SK-Mel-28 cell xenograft growth.
Stable EWI-2 depletion, but not EWI-F depletion, also significantly diminished tumor cell growth in vitro in SKMel-28 ( Figure 3D ), SK-Mel-5, 501mel and B16F10 cell lines (Supplementary information, Figure S5A ), as determined by cell counting. Consistent with these results, EWI-2 expression levels in a group of 11 MSTCs positively correlated with cell proliferation ( Figure 3E ). In accord with EWI-2 shRNA results, four different EWI-2 siRNAs with comparable knockdown potency (Supplementary information, Figure S3C ) also significantly impaired proliferation of representative MSTCs (WM1862 and WM1976) and SK-Mel-28 cells (Supplementary information, Figure S5B ). EWI-2-depleted melanoma cells also showed significantly diminished cell growth in an MTT cell proliferation assay (data not shown). In further experiments, EWI-2 depletion decreased the percentage of SK-Mel-28 cells in G2/M phases (36.7→18.2%), with Figure 3F ). Similar cell cycle changes were seen when EWI-2 was knocked down in MSTCs WM1862 (G2/M, 36.5% → 17.3%) and WM1976 (G2/M, 36.4% → 20.1%; Supplementary information, Figure S5C ). Also, expression levels of key cell cycle proteins (cyclin E, cyclin D1, and CDK4) were decreased by 59%-82%, while expression level of the cell cycle inhibitor p27 kip1 was increased by 2.1-fold ( Figure 3G ). By contrast, depletion of EWI-F did not affect cell cycle progression or the expression of cell cycle regulatory proteins ( Figure 3F and 3G).
DNA array evidence for increased TGF-β signaling upon EWI-2 depletion
Gene microarray analysis yielded unbiased insight into the paradoxical effects of EWI-2 on melanoma metastasis/invasion and tumor growth. In EWI-2-depleted SK-Mel-28 cells, 471 genes were upregulated and 528 genes were downregulated (> 2-fold change; P < 0.05; Supplementary information, Figure S6A and Table S1 ). Potential upstream regulators responsible for these gene expression changes were then ranked in order of significance, using the Ingenuity Pathway 'Core Analysis' function. TGF-β1 appeared in position 2 (Supplementary information, Figure S6B , P = 7.74E-23). TGF-β signaling has been well established to inhibit melanoma cell growth and to support melanoma metastasis [4] [5] [6] . Other potential upstream regulators listed in Supplementary information, Figure S6B (TP53, MYC, CDKN1A, VEGF, HGF) were not considered further because (i) some of them showed only minimal expression in SK-Mel-28 cells regardless of EWI-2 expression (TP53, MYC, and CDKN1A), (ii) activation of some of these genes (TP53 and CDKN1A) is not consistent with the increased invasion and migration observed upon EWI-2 depletion, and (iii) inhibition of some of these genes (MYC, VEGF, and HGF) cannot explain both the diminished proliferation/ survival and increased invasion/migration observed in EWI-2-depleted cells.
EWI-2 negatively regulates TGF-β1 signaling
Supplementary information, Table S2 lists 10 genes (taken from Supplementary information, Table S1 ) that are (i) upregulated upon EWI-2 depletion, (ii) known to be TGFβ-inducible, and (iii) directly dependent on Smad2/3 (a downstream mediator of canonical TGF-β signaling) for transcriptional activation [26] [27] [28] [29] . Furthermore, depletion of EWI-2 in SK-Mel-28 cells (not serum-starved) markedly enhanced basal phosphorylation of Smad2 ( Figure 4A ), which is indicative of enhanced endogenous TGF-β signaling. EWI-2 depletion did not change the level of endogenous TGF-β1 protein in whole-cell lysates ( Figure 4B , lanes 1, 2) or in cell culture media ( Figure 4B, lanes 3, 4) . Likewise, EWI-2 depletion did not change the activity of TGF-β1 produced by SK-Mel-28 cells, as seen in a standard biochemical assay (data not shown). Therefore, we hypothesized that EWI-2 depletion might change cell sensitivity to TGF-β. Indeed, EWI-2 depletion markedly increased the sensitivity of serum-starved cells to exogenously added latent ( Figure 4C ) or active TGF-β1 (Supplementary information, Figure S6D ). Compared to control cells, EWI-2-depleted cells showed 5.6-and 4.9-fold elevation of Smad2 phosphorylation after treatment with 10 ng/ ml and 50 ng/ml latent TGF-β1, respectively ( Figure  4C ). It is noteworthy that cells used in Figure 4C and Supplementary information, S6D were serum-starved, and thus showed little background/basal TGF-β signaling activity (in contrast to results shown in Figure 4A ). An inhibitor of the TGF-β type I receptor (TβR1) kinase activity (SB-431542) [30] completely abrogated TG-Fβ1-stimulated phosphorylation of Smad2 ( Figure 4C ). Furthermore, moderate phospho-Smad2/3 (p-Smad2/3) staining was observed in nuclei of EWI-2-depleted, nonserum-starved cells, but not in vector control cells ( Figure  4D , top panels). This difference was even more obvious after treatment with 50 ng/ml latent TGF-β1 ( Figure 4D , middle panels). Nuclear accumulation of p-Smad2/3 was completely blocked by SB-431542 ( Figure 4D , bottom panels). Enhanced TGF-β signaling upon EWI-2 knockdown was also observed in vivo. Staining of SK-Mel-28 tumor xenograft tissue sections showed significantly upregulated Smad2/3 phosphorylation in tumors derived from EWI-2-depleted cells ( Figure 4E ). Further evidence for an inverse relationship between EWI-2 and pSmad2/3 levels was seen in human patient tissue samples. Those with the lowest EWI-2 levels showed the most elevated levels of p-Smad2/3 staining ( Figure 4F and 4G) . In further support of EWI-2 as a negative regulator of TGF-β signaling, EWI-2 overexpression in two MSTCs (WM1716 and WM3314) decreased Smad2 activation (by 55% and 11%, respectively; Figure 4H ).
TGF-β signaling is almost entirely responsible for altered invasion and proliferation in EWI-2-depleted melanoma cells
We hypothesized that enhanced TGF-β signaling seen in EWI-2-depleted melanoma cells would explain the altered cell invasion and proliferation. Indeed, in SKMel-28 cells treated with SB-431542, EWI-2 knockdown showed less inhibitory effects on levels of cyclin D1 and CDK4, involved in cell cycle progression ( Figure 5A , compare lanes 1, 2 with 3, 4). Also, in SK-Mel-28 cells treated with SB-431542 or Smad2 siRNA, EWI-2 deple-EWI-2 affects melanoma growth and metastasis tion no longer caused cell cycle arrest or inhibited cell proliferation ( Figure 5B and Supplementary information, Figure S7A and S7B). Conversely, effects of EWI-2 depletion were accentuated in the presence of added latent TGF-β1, as cyclin D1 and CDK4 essentially disappeared 4) . Also whole-cell lysates (from 1% Trion X-100 lysis buffer) were analyzed (lanes 1, 2). The observed size of cleaved TGF-β1 is ~12 KDa. (C) EWI-2 knockdown enhances cell sensitivity to TGF-β1. Cells were starved for 6 h prior to treatment with the indicated concentrations of latent human TGF-β1 and SB-431542 (a specific inhibitor of TβR1 kinase activity). Numbers represent phospho/total Smad2 ratios. TGF-β1-trigged EMT, which leads to increased invasion and metastasis and decreased cell-cell adhesion, is typically accompanied by downregulation of adher-npg www.cell-research.com | Cell Research ins junction protein E-cadherin [31] , and can lead to upregulation of metastasis-associated proteins such as MMP2 [32, 33] . Indeed, when cells were treated with SB-431542, EWI-2 depletion no longer stimulated cell invasion ( Figure 5C ), or downregulated E-cadherin expression ( Figure 5A, compare lanes 1, 2 with 3,  4) . Also, levels of MMP2 and CD271/NGFR (another molecule linked to melanoma metastasis [33, 34] ) were not increased to the same extent. Conversely, effects of EWI-2 depletion on CD271 and MMP2 production were markedly enhanced when latent TGF-β1 was added ( Figure 5A , compare lanes 3, 4 with 5, 6), consistent with increased cell sensitivity to TGF-β1 upon EWI-2 knockdown. In a control experiment, invasion inhibited by 2 µM SB-431542 was almost completely reversed by addition of excess latent TGF-β1 (Supplementary information, Figure S8 ). Hence, effects of SB-431542 on invasion are largely due to inhibition of TGF-β signaling.
Moreover, Smad2 knockdown significantly blocked the elevated invasion capacity of EWI-2-depleted cells (Supplementary information, Figure S7C ). However, EWI-2 depletion in SK-Mel-28 cells did not enhance activation of FAK, Erk1/2, or Akt (Supplementary information, Figure S7D) , even though these molecules can sometimes be activated by TGF-β1 [35, 36] . Together these results show that the canonical TGF-β1 signaling pathway (i.e., through Smad2/3) plays a dominant role in EWI-2-mediated regulation of melanoma cell cycle progression, EMT, and invasion.
The CD271/NGFR gene was the third highest among all genes upregulated due to EWI-2 depletion (Supplementary information, Table S1, bottom). Transient knockdown of CD271 had no effect on background invasion. However, CD271 knockdown partially reversed the stimulation of invasion caused by EWI-2 depletion (Figure 5D) , with the reversal effects ( Figure 5D ) propor- Figure S3F ) and then cell invasion was measured.
tional to CD271 knockdown efficiencies (Supplementary information, Figure S3F ). Control siRNA had no effect on either CD271 expression (Supplementary information, Figure S3F ) or invasion ( Figure 5D ). These results establish that CD271, a molecule previously linked to melanoma metastasis [33, 34] , is a major contributor to the TGFβ-dependent invasion that is facilitated by EWI-2 depletion.
EWI-2 indirectly affects TβR1-TβR2 association: critical roles for tetraspanin proteins CD9 and CD81
To gain mechanistic insight into enhanced TGF-β1 signaling upon EWI-2 depletion, we analyzed the formation of TβR1-TβR2 receptor complexes, which play a critical role in TGF-β signaling initiation [26] [27] [28] [29] . Upon EWI-2 depletion, the amount of TβR1 co-immunoprecipitated with TβR2 increased by > 4-fold ( Figure 6A ). Expression levels of total TβR2 and TβR1, and cell surface TβR2 and TβR1 were only minimally changed (Supplementary information, Figure S6C ). Immunoprecipitation of EWI-2 did not yield any associated TβR1 or TβR2 (data not shown), suggesting that EWI-2 acts indirectly.
How does EWI-2 indirectly regulate TβR2-TβR1 association? To address this issue we focused on tetraspanin proteins CD9 and CD81, which are the major protein partners for EWI-2 in multiple cell types [7] [8] [9] . Consistent with previous reports, EWI-2 in SK-Mel-28 cells associated with tetraspanin proteins CD9 and CD81, but not with CD151, as shown by co-immunoprecipitation (Supplementary information, Figure S9A ). CD151 serves as a useful negative control as it is a relatively abundant tetraspanin, but does not associate with EWI-2 [7] [8] [9] . The amounts of EWI-2 recovered from CD9 and CD81 immunoprecipitates (82% and 78%, Supplementary information, Figure S9A , lanes 2 and 3, lower panel) are comparable to the amounts directly immunoprecipitated, suggesting that nearly all EWI-2 present are associated with CD9 and CD81 (Supplementary information, Figure  S9A ). It was previously suggested that EWI-2 association shifts CD9 from homoclusters, detected using anti-CD9 mAb C9BB, to heteroclusters, which show diminished recognition by mAb C9BB [11] . Consistent with this, depletion of EWI-2 from melanoma cells caused a substantial increase in the fraction of oligomerized CD9 (from ~40% to ~70%) detected by mAb C9BB, relative to total CD9 (detected using CD9 mAb MM2/57; Supplementary information, Figure S9B ).
Because EWI-2 depletion enhances TβR1-TβR2 association ( Figure 6A ) and causes a marked oligomerization of CD9 (Supplementary information, Figure S9B ), we tested whether CD9 might contribute to TβR1-TβR2 association. Indeed, the substantial increase in TβR1-TβR2 association upon EWI-2 depletion ( Figure 6B , lanes 7 and 8) was almost completely reversed by knockdown of either CD9 or CD81, but not CD151 ( Figure 6B, lanes  1-6) . Notably, CD9 and CD81 knockdown had minimal effect on background levels of TβR1-TβR2 association seen in the presence of EWI-2 ( Figure 6B , dark bars).
Figure 6
Depletion of EWI-2 changes the formation of the TβR1/TβR2 complex. (A) EWI-2 depletion increases the interaction of TβR2 and TβR1. Cells were labeled with biotin, lysed in Brij 96 lysis buffer, and then after preclearing, anti-TβR2 antibody was used for immunoprecipitation. Bands were developed after ExtrAvidin incubation and enhanced chemiluminescence (ECL) detection. Numbers represent TβR1/TβR2 ratios. Rabbit IgG was used as a negative control. (B) Effects of EWI-2 and tetraspanin protein knockdown on TβR2-TβR1 interaction. After siRNA treatment (72 h), cells were incubated with latent TGF-β1 (20 ng/ml; 30 min), lysed in 1% Brij 99 lysis buffer, and then TβR2 was immunoprecipitated. The eluted samples were then blotted for TβR1. Quantitation is shown in the lower panel (n = 4). (C) TβR2 interacts with CD9 in EWI-2-depleted cells. Eluted samples from B were blotted for TβR2, EWI-2, CD9, CD81, and CD151, but only the TβR2 and CD9 bands were observed. Numbers represent the ratio of CD9 in TβR2 immunoprecipitated samples to CD9 in WCL. Efficiency of CD9 knockdown and presence of CD9 in whole cell lysates was confirmed in Supplementary information, Figure S9C . Further implicating CD9, co-immunoprecipitation of TβR2 with CD9 ( Figure 6C ; lanes 7 and 8, middle panel) was markedly enhanced by knockdown of EWI-2. Increased CD9-TβR2 interaction caused by EWI-2 depletion was prevented by knockdown of CD81 (lanes 3 and 4, middle panel), but not by knockdown of CD151 (lanes 5 and 6, middle panel). Hence, CD81 contributes to CD9-TβR2 association, which helps to explain CD81 contributions to CD9-dependent TβR1-TβR2 association. Levels of immunoprecipitated TβR2 in all samples ( Figure 6C,  lanes 1-8, top panel) and CD9 in whole cell lysates (Figure 6C, lanes 3-8, lower panel) were minimally changed.
Other control experiments (Supplementary information, Figure S9C ) confirmed the specificity and > 95% effectiveness of all knockdowns, and showed that the expression levels of TβR2 and TβR1 proteins were minimally affected by removal of CD9, CD81, or CD151.
If CD9 and CD81 support TβR1-TβR2 association in EWI-2-depleted cells, they should also support TGF-β-dependent signaling in these cells. Indeed, the 2-3-fold increase in Smad2 phosphorylation caused by EWI-2 depletion ( Figure 7A, lanes 7 and 8) , was abolished by knockdown of CD9 or CD81, but not CD151 ( Figure 7A, lanes 1-6) . Furthermore, increased Smad2 phosphorylation in EWI-2-depleted cells was significantly reversed by treatment of intact cells with 2 different anti-CD9 mAbs (C9BB and MM2/57) and to a lesser extent by an anti-CD81 mAb ( Figure 7B) . Notably, CD9 and CD81 siRNAs and anti-CD9, anti-CD81 antibodies had minimal effect on p-Smad2 when EWI-2 was present ( Figure 7A and 7B, dark bars).
Given that TGF-β1 signaling is responsible for the diminished cell proliferation and enhanced invasion of EWI-2-depleted cells ( Figure 5B and 5C), and that tetraspanins CD9 and CD81 support TGF-β1 signaling in EWI-2-depleted cells ( Figure 7A and 7B) , it is likely that CD9 (and CD81) is required for the enhanced invasion and diminished proliferation seen in EWI-2-depleted cells. Indeed, upon removal of CD9 from SK-Mel-28 cells, EWI-2 knockdown had markedly lost the stimulatory effect on invasion ( Figure 7C ) and no longer significantly inhibited proliferation ( Figure 7D ). CD81 knockdown also substantially eliminated the facilitating effect of EWI-2 depletion on invasion ( Figure 7C ). As a negative control, knockdown of CD151 had minimal effect on cell invasion ( Figure 7C ) or cell proliferation ( Figure 7D ).
Discussion
As melanocytes become malignant and then metastatic, TGF-β signaling experiences a "present-absent-present" oscillation [4] [5] [6] . However, mechanisms underlying the regulation of melanoma sensitivity to TGF-β have remained elusive. Here we show that EWI-2, a novel negative regulator of TGF-β signaling, plays a major role during melanoma progression. EWI-2 is absent in melanocytes, where cytostatic TGF-β effects are pronounced. EWI-2 is then upregulated in melanoma cells, where it negatively regulates TGF-β signaling, thereby reversing the cytostatic effects and allowing for cell proliferation and survival. Subsequent loss of EWI-2 then enables a new phase of TGF-β signaling, leading to enhanced melanoma invasion and metastasis. Although specific mechanisms responsible for changes in EWI-2 expression remain to be identified, we have made substantial progress in understanding the consequences of altered EWI-2 expression.
EWI-2 negatively regulates TGF-β1 signaling
Ingenuity pathway analysis (IPA) of microarray results produced an unbiased list of upstream regulatory proteins potentially responsible for changes in gene expression caused by EWI-2 depletion. Near the top of this list was TGF-β1, a signaling molecule that inhibits primary melanoma cell growth, but stimulates invasion and metastasis [4, 6] . In experiments involving manipulation of EWI-2 expression and TGF-β signaling in multiple melanoma cell lines, we confirmed that TGF-β signaling is negatively regulated by EWI-2. Consistent with this, p-Smad2/3 level was significantly elevated in vivo in xenograft tumors lacking EWI-2, and in human tumors with lower EWI-2 levels. Furthermore, inhibition of TGF-β1 signaling by TβR1 inhibitor SB-431542 [30] , or by Smad2 knockdown, essentially eliminated the effect of EWI-2 knockdown on (i) cell proliferation, (ii) cell invasion, and (iii) expression of protein biomarkers associated with proliferation, EMT and metastasis/invasion. Taken together, these results firmly demonstrate that EWI-2 negatively regulates the TGF-β pathway.
EWI-2 supports melanoma tumor growth
We established that EWI-2 protein is absent in melanocytes, but its level is significantly elevated in human malignant melanoma samples. This result is consistent with EWI-2 mRNA being preferentially elevated in cell lines derived from human melanoma, compared to other cancers [23] (also see Oncomine database). We also used multiple melanoma cell lines as well as MSTCs to demonstrate that EWI-2 supports melanoma cell proliferation and growth in vivo and/or in vitro. Upon depletion of EWI-2 using multiple siRNAs or shRNAs, melanoma cells showed impaired primary tumor growth in vivo, diminished lung colony size in vivo, reduced cell growth in vitro, and substantially enhanced cell cycle arrest at G0/G1 phases, with corresponding changes in expression of 4 key cell cycle regulatory proteins. These findings indicate that EWI-2 supports melanoma growth by supporting cell cycle progression, which is consistent with its negative regulation of cytostatic effects of TGF-β.
EWI-2 and melanoma metastasis
Several results showed here support that EWI-2/IgSF8 acts as a negative regulator of melanoma metastasis. First, EWI-2 protein expression was downregulated in metastatic patient samples, relative to human primary melanoma samples. Second, depletion of EWI-2 from npg www.cell-research.com | Cell Research both human and mouse melanoma cell lines significantly increased metastasis to mouse lungs. Third, knockdown of EWI-2 markedly increased cell migration and invasion in multiple melanoma cell lines, while triggering substantial cell elongation. Fourth, EWI-2 expression levels inversely correlated with invasion potentials of MSTCs. Confirming a causal link between EWI-2 and invasion, overexpression of EWI-2 in highly invasive MSTCs (with low endogenous EWI-2 expression) markedly inhibited invasion.
EMT typically accompanies increased invasion, migration and metastasis in cancer cells [37] . Although melanocytes are non-epithelial, accumulating evidence shows that melanoma cells undergo pseudo-EMT changes [6] . We observed molecular changes (loss of E-cadherin and β-catenin and gain of vimentin expression) and morphological changes (decreased cell-cell adhesion) consistent with pseudo-EMT [38] . Loss of cell-cell adhesion facilitates a single-cell mode of motility that can be more conducive to tumor cell metastasis [39] . In addition, cell elongation due to EWI-2 depletion may facilitate invasion and metastasis, by an 'elongated mesenchymal' mode of movement [40] . Notably, β-catenin may suppress melanoma invasion by a mechanism that prevents cell elongation [41] , thus consistent with our observations of decreased β-catenin expression, increased elongation and increased invasion in EWI-2-depleted cells.
As seen from TGF-β receptor inhibitor experiments (using SB-431542) and from Smad2 knockdown experiments, EWI-2 suppression of invasion/metastasis is almost entirely due to inhibition of TGF-β signaling. Of particular importance is SB-431542 inhibition of TGF-β-dependent CD271/NGFR expression. CD271 has attracted attention as a melanoma-initiating cell marker, and its expression correlates with higher metastatic potential [33, 34] . Here we show that CD271 expression level is markedly increased in EWI-2-depleted cells through a TGF-β1-dependent mechanism (enhanced by exogenous TGF-β1 treatment; diminished by TGF-β1 inhibition). Moreover, depletion of CD271 substantially reversed the increase in cell invasion seen in EWI-2-depleted cells. These data suggest that CD271 plays a major role in TGF-β1-dependent melanoma cell invasion that is induced by EWI-2 depletion. Because CD271 may support melanoma stem cell-like functions [33, 34] , and EWI-2 diminishes the expression level of CD271, we speculate that EWI-2 may inhibit melanoma stem celllike functions, which remains to be tested.
How does EWI-2 inhibit TGF-β1 signaling
When EWI-2 is absent, tetraspanin proteins CD9 and CD81 make critical contributions to enhanced TβR2-TβR1 receptor complex formation, leading to elevated TGF-β signaling ( Figure 8B ). This conclusion is supported by CD9 and CD81 knockdown and mAb inhibition results. Our data also show that cell surface CD9 undergoes a substantial reorganization (towards homo-oligomers), and can associate with TβR2 with support from CD81. Thus, CD9 and CD81 appear to be well positioned to enhance TβR2-TβR1 receptor complex formation, leading to elevated TGF-β1 signaling. In addition, CD9 and/or CD81 are abundantly expressed in nearly all MSTCs that we analyzed (Supplementary information, Figure S1B) , and in the majority of primary and metastatic melanoma samples analyzed elsewhere (see Geodataset GDS3966). CD9 and CD81 were not previously known to support TGF-β1 signaling, likely due to the sequestering effect of EWI-2. When EWI-2 is present, it associates directly with tetraspanin proteins CD9 and CD81 [7] [8] [9] , and CD9 is less able to form homo-oligomers [11] as confirmed here in melanoma cells. Consequently CD9 (and probably also CD81) becomes less available to support TβR2-TβR1 association ( Figure 8A ), leading to decreased TGF-β1 signaling, diminished invasion and metastasis, and decreased cytostasis (i.e., elevated proliferation). CD9 and CD81 may also associate with several other partner proteins (e.g., claudin-1, CD44, MHC class I, CD224 and EpCAM) [42, 43] , but these interactions may not be of sufficient proximity and stoichiometry to mimic the sequestering effect of EWI-2.
In EWI-2-depleted cells, both CD9 and CD81 are required for the enhanced TGF-β signaling that supports elevated melanoma migration and invasion. CD9 is also needed for TGF-β-dependent inhibition of melanoma proliferation. The requirement for CD81 to support inhibition of proliferation in EWI-2-depleted cells was less obvious. We speculate that CD81 knockdown (but not CD9 knockdown) might create an additional unknown deficiency in EWI-2-depleted cells, such that proliferation is not restored even though the inhibitory effect of EWI-2 on TGF-β signaling is diminished. In conclusion, functions resulting from EWI-2 depletion (i.e., upregulated TGF-β signaling, increased invasion/metastasis, and diminished proliferation) are almost entirely dependent on contributions of CD9, and to a lesser extent CD81.
CD9 overexpressed in melanoma cells may inhibit anchorage-independent cell growth and support invasion [12] . On the other hand, CD9 is also suggested to suppress melanoma metastasis [44] . We speculate that variations in levels of EWI-2 could at least partly explain these discrepancies in the actions of CD9. In several other cancer cell types CD9 and CD81 have been linked to cell proliferation [45, 46] and CD9 can have tumor suppressor-like properties [47, 48] . However, potential roles for EWI-2 and TGF-β were not considered in those studies.
Additional implications
Because TGF-β signaling makes major contributions to melanoma progression and metastasis, strategies are being developed for therapeutic intervention, with a particular focus on various TGF-β isoforms and receptor proteins (TβR1, TβR2 and TβR3) [6] . We suggest that for EWI-2-deficient patients, targeting CD9 and CD81 should impair TGF-β signaling, leading to reduced melanoma metastasis. In this regard, we already show here that anti-CD9 and anti-CD81 antibodies markedly diminished TGF-β signaling as evidenced by a decrease in p-Smad2 levels in melanoma cells, and elsewhere that an anti-CD9 mAb inhibited melanoma transendothelial migration [13] . Another approach would be to prevent the loss of EWI-2 expression in metastatic melanoma cells, thereby sequestering both CD9 and CD81 and limiting their pro-metastatic, pro-TGF-β contributions.
It is not yet known whether functions of CD9 and CD81 in other cell types might also be affected by EWI-2 expression, and/or involve regulation of TGF-β signaling. For example, EWI-2 and/or TGF-β inhibition could conceivably modulate CD9-dependent suppression of metastasis in other tumor cell types [48] , and/or CD9 and CD81 contributions to sperm-egg fusion [49] . Also we speculate that EWI-2 effects on HCV infection [19] npg www.cell-research.com | Cell Research and oocyte fertilization [20] might involve regulation of TGF-β1 signaling, which remains to be tested.
Why does EWI-2 support primary melanoma growth in this study, but suppress glioblastoma growth in a previous study [18] ? Possibly, orthotopic glioblastoma xenograft growth (compared to melanoma) may be more dependent on invasion, which would be inhibited by EWI-2. Indeed, EWI-2 did not inhibit proliferation of cultured glioblastoma cells, but it did inhibit their migration and invasion [18] . It remains to be determined whether EWI-2-dependent inhibition of TGF-β1 signaling may underlie the effects of EWI-2 in glioblastoma.
In conclusion, our results demonstrate (i) a novel positive regulation of TGF-β1 signaling by CD9 and CD81 and (ii) a novel negative regulation of TGF-β1 signaling by EWI-2, which prevents CD9 and CD81 from assisting in TβR2-TβR1 complex formation. These findings may have relevance not only to melanoma, but also to TGF-β contributions to the progression of other cancer types, cancer stem cell propagation, immune suppression, and fibrosis in lungs and other organs [28] .
Materials and Methods
Cell culture, antibodies, and other reagents Stable and transient knockdown
For stable knockdown, lentiviral plasmids containing EWI-2 or EWI-F shRNAs were purified and transfected together with pCMV-dR8.91 and VSV-G plasmids into HEK293T cells (ATCC) using lipofectamine TM 2000. Medium containing lentivirus was collected 48 h and 72 h after transfection and used to infect target cells for 12 h. Stable cells were selected with 5 μg/ml puromycin (Invitrogen). For transient knockdown, 20 nM siRNAs were reversely transfected into 1.5 × 10 5 cells into 6-well plates using lipofectamine TM RNAiMAX (Invitrogen). Transfection medium was replaced (at 12 h) and siRNA efficiency was examined at 72 h by western blotting. ) were injected i.v. into SCID Beige mice and C57BL/6 mice, respectively. To visualize SK-Mel-28 colonies, mice were killed at 6 weeks, 15% India ink was immediately injected into lung through trachea, and then lungs were isolated and fixed in Fekete's solution. Lungs containing B16F10 colonies were isolated and fixed in Bouin's solution. Lungs colonies were counted under light microscope.
In vivo tumor growth and lung metastasis assays
Migration, invasion and cell aggregation assays
Serum-starved cells (5.0 × 10 4 ) were added in duplicate to Boyden chambers with polycarbonate membranes (8 μm pore size, 6.5-mm diameter; Transwell, Corning Life Sciences, Acton, MA, USA) or to Matrigel invasion chambers with polyethylene terephthalate membrane (8 μm pore size, BD Biosciences). After overnight migration/invasion towards media containing 10% FBS, cells on top membrane were removed using a cotton swab, while cells on the lower membrane were fixed with methanol and stained with Giemsa solution (Sigma). Ten fields per well were photographed randomly under light microscopy and mean cell number in each field was calculated for each of 3-4 replicates. To assess cell aggregation, newly trypsinized cells (1.0 × 10 4 ) in 50 µl of culture media were suspended in hanging drops for 3 h in a humid 5% CO 2 incubator at 37 °C. After pipetting 10 times through a 200 µl tip, cells were counted to yield aggregated number/total cell number.
Cell proliferation and cell cycle assays
Proliferation was assessed using an Automated Cell Counter (Invitrogen) at defined intervals after plating. For cell cycle analysis, cells were fixed (in cold 70% ethanol; 2 h; 4 °C), washed in PBS, then stained with Propidium Iodide (PI, Roche Applied Science, Indianapolis, IN, USA) solution (50 mg/ml PI, 10 mg/ ml RNase A (Invitrogen), 0.05% Triton-X-100) for 45 min at 4 °C in the dark. Cell cycle results were analyzed by flow cytometry (BD FACSCalibur, Franklin Lakes, NJ, USA) and processed using FlowJo software (Ashland, OR, USA).
DNA microarray
Total RNA from SK-Mel-28 transfected cells (expressing EWI-2 shRNA or control shRNA) was extracted using the RNeasy Mini Kit (QIAGEN, Valencia, CA). RNA (1 µg) was analyzed in two replicates using the U133A 2.0 Affymetrix gene chip array (at the Dana-Farber Cancer Institute Microarray Core Facility). Microarray data were processed using dChip software and analyzed using the IPA software 'Core analysis' function (www.ingenuity.com). The GenePattern [50] 'Multiplot' module was used to produce the volcano plot.
Immunoprecipitation and immunoblotting
Intact SK-Mel-28 cells were biotinylated, lysed in 1% Brij 99 or Brij 96, and then immunoprecipitation and immunoblotting were carried out as described [11] .
Immunofluorescence
Cells grown on glass coverslips were treated with 50 ng/ml latent TGF-β1, 10 µM SB-431542 or the same volume of DMSO for 30 min, and then fixed with 4% paraformaldehyde at 4 °C for 15 min and permeabilized by 0.1% Triton X-100 in PBS for 5 min. Cells were then blocked with 3% BSA in PBS (w/v), immunolabeled with p-Smad2/3 primary antibody (D27F4 from Cell Signaling Technology, 1:200 dilution) for 1 h, followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG for 1 h. Coverslips were mounted with ProLong Gold antifade mounting media containing DAPI and imaged using a Leica SP5X laser scanning confocal microscope (Leica Microsystems, Chicago, IL, USA).
